Abstract-Low-temperature plasma ion mobility spectrometry (LTP-IMS) is the method to identify some materials by measuring concentration of gas phase ions. IMS used in a wide range of laboratory-based biomedical research studies. A nanosecond pulse generator is necessary for LTP-IMS apparatus to enable direct analysis of various chemical compounds without having to evaporate the analyte or seek a solvent or any reagent. In this paper, a dual Marx pulsed generator for LTP-IMS Ionization power supply is proposed based on a new combination of some solid-state switches including insulated gate bipolar transistor (IGBT) and avalanche bipolar junction transistors (BJTs). The compact dual Marx generator is composed of a series of avalanche BJTs and an IGBT as the trigger switch, where its rise time is reduced from 100 to 5 ns by using an avalanche BJT in its command circuit. In this way, a controllable high-voltage pulse generator has designed, built, and tested. The proposed circuit can be used to generate the repetitive high-voltage pulses necessary for low temperature ionization in advanced IMS apparatus. The output voltage has an amplitude of up to 6 kV with pulse widths in the range of 40-1000 ns and pulse repetition rates up to 2 kHz, having rise time and fall time less than 10 ns independent of the load specifications.
I. INTRODUCTION

P
ULSED power generators are used in many applications, with increasing demand in all kinds of industries, such as electrostatic precipitation [1] , water treatment, plasma, pollution control [2] , and detecting and identifying volatile, semivolatile organic compounds [3] as well as in medical and biological devices [4] - [6] .
Ion mobility spectrometry (IMS) was developed over the past few decades as a method for detecting and identifying volatile and semivolatile organic compounds, principally in security and military venues. This technique is based on the determination of mobility in electric fields of gas phase ions derived from constituents in a sample [7] .
In this technique, the formation of gas phase ions precedes the process of ion separation and detection by mobility measurements. Ionization can occur after the evaporated sample enters the ionization or reaction region of the drift tube depending on the type of ion source used [8] .
The ionization source is an important part of any ion mobility spectrometer that produces ions at ambient pressure. While investigations on the ion source for IMS date back a long time ago, research in this field has been revitalized due to its wide range of applications, especially in security, biological, and medical applications. Recently, low temperature plasma (LTP) was investigated as an ionization source for IMS, where pulsed generators are necessary for this application [9] . The LTP-IMS application requires short pulse rise time and high pulse repetition frequency (PRF) in order to maximize the efficiency [10] .
In this paper, a compact Marx generator design is proposed to generate the necessary voltage pulses in a reliable and controllable manner. It is based on two-pulse circuits (a positive and a negative) using a combination of insulated gate bipolar transistor (IGBT) and avalanche bipolar junction transistors (BJTs). IGBTs are used as the main switch to achieve a better controlling of the output pulse, as they offer long lifetime and good stability in pulse modulator applications [11] . Avalanche transistor switches are utilized at all other stages of the Marx generator with regard to the benefits of fast switching speeds and high repetition frequencies [12] .
A BJT-Marx generator circuit is widely used for generation of nanosecond high-voltage pulses due to its fast switching speed and high repetition frequency [13] . In previous studies, dual Marx generators are used for microplasma generation purposes [14] .
The novelty of the proposed approach is using an avalanche BJT in the triggering circuitry of an IGBT in the dual Marx generator design to improve its switching performance and to reduce its turn-on time. In this way, fully controllable nanosecond output voltage pulses can be generated.
Based on this idea, a 6-kV pulse generator with an adjustable pulsewidth in the range of 40-1000 ns and a repetition rate of up to 2000 pulses per second, having rise time and fall time of each pulse less than 10 ns independent of the load is designed, built, and tested. The present pulse generator can be used to supply an LTP source for an ion mobility spectroscopy system. This pulse generator may also be employed to derive capacitive discharges such as dielectric barrier discharges where fast rising and falling times are desired.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Experimental results showed that the designed dual solid states Marx generators can be used to apply higher voltage pulses with appropriate parameters, especially short fall times, to an LTP discharge in an ion mobility spectrometer.
II. DESIGN OF LTP-IMS POWER SUPPLY
A. Main Requirements of the Power Supply for LTP-IMS
An LTP-IMS apparatus consists of a nanosecond-kilovolt Marx generator as power supply and an LTP probe, as shown in Fig. 1 . The LTP probe includes a glass tube and a stainless steel rod as the internal electrode, which is centered axially inside the glass tube. The drift gas enters the drift tube from behind the Faraday plate and flows toward the ionization/reaction region. The LTP-IMS pulse generators should generate high instantaneous power and low average power for producing LTP, the advantage of using this Marx pulse generator as power supply is controlling the LTP generation by regulation of the amplitude and pulsewidth of the output voltage [15] . One possibility is to keep the amplitude and the repetition rate constant (e.g., at 6 kV and 2000 pulses per second) and to control the ionization (plasma production) level by changing the pulsewidth in the range of 40-1000 ns [16] .
The proposed block diagram for the pulse generator is shown in Fig. 2 . The first block is a pulse generator, which produces a command signal. This command signal is then delayed using two pulse shifter blocks to enable the pulsewidth adjustment. Two pulse sharpener blocks make the necessary narrow pulses for the Marx generator blocks. The load is connected in differential mode between these two Marx generators.
The output of each main block of the pulse generator is shown in Fig. 3 . The output pulse of the first block (V A ) is a 5-V signal with a pulsewidth in microsecond range. In the pulse shifter blocks, appropriate delay times depending on the desired output pulsewidth are applied (V B , V C ), in pulse sharpener, these two pulses are converted to nanoseconds pulses with higher amplitude for Marx generator biasing (V D , V E ). Finally, Marx generators produce the demanded kilovolt nanosecond pulses. In the design built and tested in this paper, each Marx generator has 20 stages and the avalanche BJTs with breakdown voltages of 300 V are used [17] .
In order to drive a 6-kV output voltage for LTP Power supply, in addition to 20 avalanche BJTs, an IGBT is used as a triggerable switch in each Marx generator. This makes it possible to realize the necessary variable pulse widths in a reliable manner. By simply changing the number of stages, even higher amplitudes of the output pulse can be realized.
B. Dual Marx Compact Generator
The schematic of the proposed pulse Marx generator is shown in Fig. 4 . Here, R1-R40 are the charging resistors; Z1-Z2 are the fast IGBTs for fast rising switches; S1-S20 and S21-S40 are the avalanche BJT switches used as the main switches for two parallel Marx Generator, C1-C40 are the charging capacitors, and D1, D2 are the diodes for nonreturn voltage. The charging path for each circuit is provided by the charging resistors R1-R40 and capacitors (C1-C20). In charging mode, all capacitors are charged in parallel, the voltage of capacitor on each stage is equal to the value of the output voltage of the dc power supply. The capacitors on each stage are in series across the switches in the discharge cycle, and a positive pulse forms on the load with an amplitude of about V out = nV in in the ideal case.
The main problem of using a Marx generator to generate nanosecond pulses is to reduce the pulse falling time, which should be comparable to the pulse rise time in LTP application.
A simple solution based on utilization of avalanche switches parallel to the load does not function practically as the uncontrolled high current flowing through the switches may damage them. Therefore, to avoid this, another Marx generator in combination with fast switches (S41-S44) can be used to pull down the output voltage within few nanoseconds to zero independent of the load. The number of these switches is related to the output pulse amplitude. Avalanche transistor (FMMT417) has been used since a switching time of less than 5 ns at an applied voltage of 300-400 V is easily obtained [18] . In order to operate an IGBT for nanosecond switching applications, a fast pulse must be applied to the gate circuit of the IGBT. For this purpose, the output pulse of an avalanche BJT is applied to the gate of the fast IGBT. This enables turning on the IGBT very rapidly, which results in short rise time of the output voltage of the Marx generator. To take into account the electrical characteristic of the loads in LTP systems [19] , the load has been modeled using a capacitance, an inductance, and a resistance, which is dependent of the phase gas ions. After ionization of the carrier gas, the load resistance is reduced resulting in an increased current flowing through the transistors. This may, in turn, lead to shortening the output voltage rise time and output voltage amplitude.
Hence, in the designed test circuit, appropriate measures have to be taken to choose the suitable stage capacitances in order to minimize the dependence of the output voltage on the load. The appropriate value for charging resistors is to be selected based on the required width of the output squarewave pulse. The power class of the charging resistors has to be chosen according to their maximum energy dissipation, which is proportional to the repetition rate. 
C. Design of Control System and Driving Circuit
The excitation circuits are very important, in particular, for low-latency pulse generators. The circuits used in the propose design are shown in Fig. 5 .
Initially, control pulses are produced by ICs 4046 and 4098. IC 4046 has an internal voltage-controlled oscillator. By changing the voltage in the control base, the output frequency changes. Output pulses are sent to the Mono-stable IC 4098. Mono-stable output pulsewidth is about 5 μs. The pulse waveform is shown in Fig. 6 .
Here to drive IGBT fast, an avalanche transistor circuit is used as the gate driver to rapidly charge the larger input capacitance of the IGBT in order to turn it on within few nanoseconds (see Fig. 7 ). For this purpose, a high current pulse is injected into the gate of the IGBT to turn it on in a very short time. The details of this concept are discussed thoroughly in [18] . The FMMT417 avalanche transistors have a peak avalanche current of 60 A (pulsewidth = 20 ns), so using this switch in the driving circuit of SGP15N120 IGBT, will make it possible to turn it on easily.
The gate driver input signal and gate current is shown in Fig. 8 . Driver voltage is about 120 V and The gate current is a pulse at about 8 A (measured using a 1-resistance shunt) and with a rise time of 5 ns. This current, with very fast rise time, makes the IGBT turn on at a very high speed.
Since IGBT switches have different ground potentials in the positive and negative pulse generators, a pulse transformer [T1 in Fig. 7(a) ] is used to isolate the ground potentials. The typical command trigger signals are shown in Fig. 9 . The pulsewidth of the driving signal is about 1 μs, and both rise times are less than 20 ns. A small dead band between the rising edges of these two trigger signals corresponds to the width of the output voltage pulses.
To produce the necessary charging voltage of 500 V, a boost converter is built with TL494 IC as shown in Fig 10. This voltage is applied to the IGBT driver. 
III. SIMULATION OF NANOSECOND-PULSE GENERATOR
In this section, a 20 stage pulse generator of the proposed design is simulated. For this purpose, the IGBT model is selected from the Infineon database [20] . To be able to model the avalanche breakdown phenomenon in avalanche BJTs, a generic model of bipolar transistors, namely, Gummel-Poon model, is extended using voltage-controlled switches, i.e., Zener diodes for generating the breakdown voltage, appropriate inductors and capacitors, as well as Schottky diodes for fast switching.
All charging capacitors and resistors are 10 nF and 5 K , respectively. The load is modeled by a pure resistance, RC or RL combinations. For this application, the pulsewidth is in the range of 100 ns-1 μs and the PRF is 2 kHz. The influence of capacitance, turn-on delay time, and the stray inductance on the output voltage is investigated. The output waveforms for a pure resistive load are shown in Fig. 11 . The output voltage amplitude is linearly proportional to the charging voltage of the capacitors.
In Fig 12, the pulse width is variable with constant input voltage and pure resistance, which used in this application. When ten modules of the generator are in series, the rise time of the positive HV pulse is about 20 ns and the fall time is few microseconds. In this simulation, pulsewidth of the waveform is varying from 500 to 2000 ns. Both rise and fall edges of the output waveforms are barely changed with the variation of pulse amplitude and pulsewidth.
By investigating the effect of the stray inductance on the breakdown voltage of the switch, it is concluded, as shown in Fig. 13 , that in case of small stray inductances in the range of maximum few hundred pH, the rise time of the output voltage pulse does not change. This very low amount of the stray inductance can be achieved by a compact design of the circuits.
As mentioned, the ionization results in reduction of the load resistance. The impact of changing of the load resistance on the output voltage is shown in Fig. 14. A decreased load resistance increases the current passing through the transistors. Consequently, high currents are developed, the transistors break down faster, and the rise time of the output voltage is reduced. However, given the larger current flow, this results in reduction of the capacitor voltages. In case of very small loads (very high load resistances), the avalanche breakdown of switches do not occur and, therefore, the desired output pulse cannot be generated. The increase in load (decrease in load resistance) will, in turn, results in very high current flowing through the switches. According to the datasheet of the switches, the maximum allowable current would be 60 A for pulses less than 20 ns. This means that minimum load resistance is dependent on the desired pulsewidth, e.g., for a pulsewidth of 1 μs, the minimum load resistance would be about 30 k , corresponding to a peak current of 50 mA (see Fig. 15 ).
In Fig. 16 , the output voltages for different stage capacitances have been modeled. In typical Marx generators, the load capacitance is near 1pF, which is much smaller than the charging capacitors. Therefore, the charging capacitance plays the main role in determination of falling and rising edge of the output pulse. Therefore, in the proposed model, the load capacitance can be ignored in both rise and fall time of the impulse voltage.
If a large capacitor used in this model, transistors lose the ability to break down and cannot supply the required power, very small capacitors, in contrast, do not significantly influence the output. The decreased amount of capacitors is expected to decrease the settling time of the output voltage. 
IV. TEST OF DESIGNED GENERATOR
In this section, results of the tests performed on a 20-stage compact pulse generator of the proposed design are reported. The number of stages can be increased if higher output voltages are required. With increase in the number of stages, the current flowing through the transistors also increases. Therefore, the current ratings of the transistors may limit the maximum number of stages.
In the current design of the pulse generator, earth plates are utilized to decrease the stray inductances and for the purpose of noise suppression. They also provide the shortest path to the earth node all through the circuit, wherever necessary. In the actual testing process, charging voltage was adjusted continuously from 0 to 400 V by an autotransformer, waveforms are measured with an oscilloscope (GW Instec GDS-1000A-U Series Digital Storage Oscilloscopes) with the analog bandwidth being 200 MHz and the sampling rate of 2.5 GS/s. Fig. 17 shows the designed nanosecond-pulse power generator for LTP-IMS system. The typical output voltage waveforms with different pulse widths between 50 ns and 1 μs are shown in Fig. 18 . The output voltage pulse has an amplitude of 6 kV at a PRF of 2 kHz.
For helium or argon, which are used as discharge gas in drift tube, the outer conductor diameter is 40 mm, inner conductor diameter is 21 mm, and the distance is near 80 mm so the load capacitance is near 1 pF.
Therefore, the choice of 10-nF capacitors for each stage seems to be appropriate. In this case, the generator's equivalent capacitance is equal to 500 pF, which is much larger than the load capacitance. For other applications, if a larger capacitor is selected for stages, it is possible to test larger loads. The voltage of the capacitor should be more than 250 V. In the built prototype, 10-nF 400-V capacitors have been used.
The charging resistances have been selected according to the requirement for the output square-wave pulse voltage
where C ch is the equivalent series capacitance, τ is the maximum pulsewidth, n is the number of stages, and R ch is the charging resistance. For the desired LTP-IMS system with a repetition rate of 2 KHz, maximum charging time of the capacitors is 500 μs, so the maximum charging resistor will be 5 k according to (1) .
The required power level of the resistors is selected based on the energy dissipation by one discharge and the repetition rate. For the current design of the generator, the power dissipation of each charging resistor is about 0.4 W.
According to the proposed design, the PRF of the nanosecond pulse generator can be adjusted between 100 Hz and 2 kHz. Fig. 19 shows the applied voltage has an amplitude of 6 kV, the pulsewidth of about 250 ns at a PRF of 2 kHz. Fig. 20 shows the typical voltage-current waveform and discharge image of LTP Ion mobility system. The applied voltage amplitude is about 6 kV, the pulsewidth is about 550 ns, PRF is 2 kHz, and gas-flow rate is about 0.5 L/min. The load current measured using a 1-resistance shunt. The discharge of the LTP Ion mobility system generated by nanosecond-pulse generator is very stable. Given that the rise/fall time of the applied nanosecond pulse is fast, two remarkable current pulses can be measured at both the rise and fall edges.
The discharge currents are below 200 mA, and the negative discharge current is lightly larger than the positive discharge current. The positive polarity discharge begins at the rising edge, and when the applied voltage reaches the peak value, the discharge current reaches its maximum. However, the negative polarity discharge begins at the falling edge of the pulse and reaches the maximum value after the applied voltage becomes zero According to the analysis, the negative discharge is generated by the charge accumulated in the strong electric field during positive polarity discharge, which ionizes the analyte molecules.
V. CONCLUSION
A compact nanosecond-kilovolt pulsed power supply with solid-state switches has been developed for LTP-IMS systems. In this design, a reverse Marx generator is used to truncate the output voltage, and in this way, to control the parameters of the output pulse. For this purpose, the trigger signals of the main switches are controlled by fast oscillating circuitries. Based on the simulation results, a 20-stage Marx generator using avalanche BJTs and IGBTs has been designed, constructed, and tested. The pulse amplitude, pulsewidth, and repetition frequency, can be freely adjusted in the range of 0-10 kV; 40-1000 ns; 1-2 kHz, enabling detection of different materials in the LTP IMS applications.
Test results performed on a 20-stage prototype show that a stable 6-kV square wave pulse series with a rise time of 20 ns and a fall time of ∼25 ns can be generated, where the pulsewidth and repetition frequency can be freely adjusted. The limiting factor of the maximum voltage and pulsewidth in such Marx generators has been identified as the most important feature of the proposed design.
